Abstract-A multiple-input-multiple-output (MIMO) antenna array with eight printed coplanar waveguide (CPW)-fed monopole antennas operating at 3.5 GHz (3.4-3.6 GHz) is presented. Each antenna is an Inverted-L (IL) monopole surrounded by a parasitic IL-shorted stripe and attains compact configuration. Both the IL-monopole and parasitic IL-shorted stripe contribute their fundamental resonant modes to operate in the desired frequency band. The neutralization line (NL) and ground middle slot are used for decoupling the antenna elements in the array. The measurement results for the prototype reasonably agree with electromagnetic simulations. Measured results for the proposed MIMO antenna array demonstrate that it has impedance bandwidth more than 200 MHz with (S 11 < 6 dB), and with effective antenna decoupling mechanism, the mutual coupling is better than 10 dB for the required band (3.4-3.6 GHz). Also, envelope correlation coefficient (ECC) for the proposed MIMO antenna array is less than 0.2 for any two antennas to realize independent prorogation path for a channel. The average channel capacity of the proposed MIMO antenna array is approximately 35 to 38 bps/Hz for a reference signal to noise ratio (SNR) of 20 dB.
INTRODUCTION
The next generation communication systems (5G) will implement multiple-input-multiple-output (MIMO) technology to comply with the increasing demands on greater spectrum efficiency, maximum throughput, and short latency. It employs numerous antennas at the transceiver end, to utilize multipath channels for maximum data rate [1] . To accommodate multiple antennas, the mutual coupling between antenna elements is a major limiting factor. The mutual coupling exists between the antenna elements is due to near-field coupling and the common ground plane for the current. The mutual coupling can reduce the antenna efficiency and deteriorate the radiation pattern. Hence, one of the core challenges of employing MIMO antenna array in a smartphone is to accommodate multiple antennas with low mutual coupling [2] . Recently, many MIMO antenna arrays have been proposed for the use in mobile terminals. In [3] , a single antenna element (Inverted-F/Slot) is printed at each of the four corner edges of circuit board operates for HiperLAN in the 5 GHz band and 2.4 GHz ISM band. In [4] , a four-antenna array operating in LTE700/2300/2500 GSM900/1800/1900 and WLAN 2.4 GHz band is presented. The four antenna elements in [5] consist of the main antenna printed on a small non-ground space of 65 × 9.5 mm 2 , and three auxiliary antennas are placed perpendicular to the printed circuit board resulting in a low mutual coupling. However, the aforementioned antenna structures in [3] [4] [5] [6] [7] accommodating only four antenna elements at maximum with operating frequency bands only for LTE/GSM/UMTS and WLAN restrict their application for 5G mobile broadband services at 3.5 GHz. As few structures with multiple antennas more than four elements is reported [8] for 2.6 GHz and in [9] for 2.4 GHz. In [10] , the multiple antenna elements array is obtained by accommodating decoupled printed open-end slot antennas along two opposite side edges of the printed circuit board. This arrangement of the antenna along the length may degrade the level of signal integrity due to proximity with other electronic components installed in the middle of the ground plane. User hand-effect can also weaken the performance of mobile handset in a data-driven mode with antenna elements placed close to palm as reported in [11] . Hence, for a practical smartphone the multiple antennas are preferred to be mounted at the corner edges of the printed circuit board. It motivates this paper to propose a new MIMO antenna array with eight antenna elements, such that each two elements placed perpendicular to each other, on the non-ground area of 15 × 15 mm 2 at the four corner edges of the main circuit board. The proposed MIMO antenna array has additional capability of dual polarizations compared to [10] due to orthogonal placement. The MIMO antenna array performance metrics such as envelope correlation coefficient, channel capacity and Mean effective gain are also evaluated.
ANTENNA DESIGN
The geometry of the proposed eight-element antenna array (MIMO antenna array) with decoupling network (neutralization line and ground middle slot) is presented in Fig. 1 and the fabricated structure in Fig. 2 . The eight-antenna array and ground plane are printed on the top side of an FR-4 substrate with thickness of 0.8 mm as main board. The size of the main board is 136 × 68 mm 2 , (1.61λ o × 0.74λ o , λ o represents the free space wavelength at 3.5 GHz). Furthermore, the eight antennas of the array are divided into four pairs. Each pair has two IL-monopoles with same dimensions, and orthogonal configuration is designed in the clearance area (non-ground layout) of 15 × 15 mm 2 (0.17λ o × 0.17λ o ) at the four corner edges of the main board. A CPW-fed structure with W f = 1.64 and gap distance of G f = 0.2 is used for feeding each antenna. The parasitic IL-shorted stripe is placed in nearby vicinity of each monopole antenna resemble square loop with path length (L 1 to L 2 ) and (L 3 to L 4 ) of approximately 17.6 mm close to a quarter-wavelength at 3.5 GHz. Therefore, each monopole antenna resonates at 3.5 GHz. The decoupling structure, consisting of neutralization line (NL) and ground slot is inscribed in the middle top edges of ground plane. The prefix L is used to denote length, and likewise, W denotes the width in the geometric description. The optimized dimensions are as follows (Unit:mm): Considering the symmetry of the proposed structure, the performances of two antennas (Ant1 and Ant2) are discussed. For clarity, the return losses of Ant1 and Ant2 and S-parameters to quantify mutual coupling among antennas as illustrated by (S ij (i, j = 1, 2, 3, 4; i = j)) are presented in Fig. 3 .
ISOLATION AND DECOUPLING TECHNIQUE ANALYSIS
Without using any isolation network, the mutual coupling between Ant1 and Ant2 yields a maximum value of (S 21 = −9.8 dB) as illustrated in Fig. 3(a) . The mutual coupling between two orthogonal antenna elements is high due to common ground plane. Thus strong current excited by Ant1 flows via the ground plane to the CPW-fed port of the immediate neighboring Ant2. This process of mutual coupling of two orthogonal antennas was also reported in [12, 13] with orthogonal antenna elements disposed at the corner edge of the PCB. Hence different antenna decoupling networks were employed for maximum isolation between two antennas. In this study, two antennas decoupling techniques, consisting of NL and defect ground structure (slot), are used. According to [14] , suspended link acts as a neutralization line by providing counter-phase current to counter the original coupling current. Besides, the inductive and capacitive behaviors of the NL are specified by its length and width, respectively. The NL is used to connect both antennas (Ant1 and Ant2) close to its feeding to draw maximum current. As shown in Fig. 3(b) , NL improves the inter-port isolation with a notch of (S 21 = −32 dB) in the mid-point of the required band of operation. Furthermore, NL deteriorates the impedance matching of Ant1, and its resonating frequency is shifted. This problem is addressed by adding two vertical stubs of length L stb and width W stb to the NL. The impedance of Ant1 is improved and shifted to the desired band of (3.4-3.6 GHz) as demonstrated in Fig. 3(c) . As NL is placed near the ground plane, exciting surface waves yields unwanted (S 31 = −10 dB). As suggested in [15] , ground defect structure has been used to prevent surface wave propagation on the ground plane. A rectangular slot with a length of L s and width of W s is engraved in the centric position (top edge system ground plane) to impede current flow from Ant1 to Ant3 resulting in S 31 = −17 dB as presented in Fig. 3(d) .
SIMULATED SURFACE CURRENT DISTRIBUTION
The decoupling mechanism (NL and ground slot) can be best understood by studying the surface current distribution at 3.5 GHz as plotted in Fig. 4(a) . Port 1 is excited, and corresponding other ports are terminated in 50 Ω. In Fig. 4(b) , it is demonstrated that by using antenna decoupling methods, namely NL and ground defect structure (Ground Middle slot), mutual coupling is reduced. The new coupling current on the NL compensates the original coupling current, resulting in the weakening of mutual coupling between Ant1 and Ant2. Moreover, the rectangular slot loaded ground plane traps a large amount of current flow from Ant1 to Ant3 due to surface excitation by NL, and it also impedes the current flow between Ant2 and Ant4. Thus antenna decoupling mechanism improves isolation among antenna elements (Ant1 to Ant4). 
RESULTS AND DISCUSSION
As illustrated in Fig. 1 , the proposed MIMO antenna array (an eight-antenna array) is fabricated to validate the numerical results computed by CST microwave studio. The S-parameters are measured using an Agilent N5247A vector network analyzer. And the measurement of far-field radiation is carried out in a SATIMO microwave anechoic chamber at 3.5 GHz.
As depicted in Fig. 5(a) , an asymmetrical response of the S-parameters for two antennas is observed due to fabrication precision, hand soldering and semi-flexible cables feeding. The measured impedance bandwidth is more than 200 MHz based on (3 : 1 VSWR) for each antenna. The insertion loss of FR-4 supports the decoupling of the antenna structures of the top edge (Ant1 to Ant4) and bottom edge (Ant5 to Ant8). Therefore, the S-parameters from (Ant5 to Ant8) are not discussed. The decoupling configuration is found to exhibit good isolation among antennas, greater than 10 dB for (3.4-3.6 GHz) as shown in Fig. 5(a) . Moreover, the measured antenna efficiency considering reflection losses and radiation efficiency of Ant1 varies between 40 and 50%. Similarly, for Ant2 the antenna efficiency ranged between 50 and 60% (which is acceptable) owing to middle ground slot resonant behavior and improvement in impedance matching as presented in Fig. 5(b) . The ECC and MEG are calculated according to the assumptions stated in [16, 17] . The ECC is calculated from the measured 3-D far-field radiation pattern obtained using a SATIMO microwave anechoic chamber. From Fig. 5(c) , it can be seen that the ECC values are less than 0.2 for any combination of two antennas of the array in the required band of operation. Thus, it meets the required standard of ECC less than 0.5 for acceptable diversity gain required by communication system. The ergodic channel capacity for MIMO antenna array in the desired band (3.4-3.6 GHz) varies from 35 to 38 bps/Hz as illustrated in Fig. 5(d) .
The mean effective gain is important performance metric for MIMO communication array as it quantifies the interaction between antenna and communication channel. Based on a series of assumptions for mobile propagation environment stated in [17] , the MEG can be formulated as follows:
G θ and G ϕ represent the realized gain θ and ϕ components for antenna, and Γ represents the cross polarization ratio. For this paper, Γ = 0 and 6 dB are assumed for indoor and an urban mobile propagation environment, respectively. Table 1 depicts the calculated MEGs for Ant1 and Ant2 as the representative of the proposed MIMO antenna array is good enough compared to critical limit of [18] , to ensure good diversity performance, whereas (i, j) represent antennas. The radiation characteristics for the simulated and measured proposed MIMO antenna arrays are plotted for 3.5 GHz in the Y -Z, X-Z planes. The simulation results are carried out with the corresponding other ports terminated in 50 Ω impedance. The simulated and measured radiation patterns are shown in Fig. 6 . Due to symmetric configuration, the simulated and measured radiation patterns for Ant1 and Ant2 are depicted in Fig. 6 . The minor discrepancy between simulated and measured far-field results as depicted in Fig. 6 may attribute to measurement setup constraint and coaxial cable losses. For port1 excitation, in X-Z plane, the theta component prevails, and phi component dominates in Y -Z plane. Likewise for port 2 excitation, theta component prevails in the Y -Z plane, and the phi component is a leading factor in X-Z plane. Hence, the proposed antenna array exhibits dual polarizations.
CONCLUSION
An eight-antenna array is proposed for future wireless communication systems operating at 3.5 GHz for mobile broadband services. Measured results are in fair agreement with simulated ones obtained from CST Microwave Studio. Each antenna operates in the desired frequency band of operation (3.4-3.6 GHz) with minimum acceptable isolation greater than 10 dB. The ECC of less than 0.2 is achieved for any two antennas in the proposed MIMO antenna array. Also, the MEG ratio of Ant1 and Ant2 as representative of the proposed MIMO antenna array meets the required standard of unity. The calculated ergodic channel capacity is approximately 35 to 38 bp/Hz with 20 dB as reference SNR. It is seven times larger than ideal SISO systems capacity of 5.7 bps/Hz.
